We studied magnetism of a spin-1 substance Li 2 Ni 2 Mo 3 O 12 . The spin system consists of distorted honeycomb lattices and linear chains of Ni 2+ spins. Li + ions enter about 25 % and 50 % of honeycomb and chain Ni sites, respectively, creating disorder in both the spin subsystems. A magnetic phase transition occurs at T c = 8.0 K in the zero magnetic field. In low magnetic fields, the magnetization increases rapidly below T c , decreases below 7 K, and finally becomes negative at low temperatures. We determined the magnetic structure using neutron powder diffraction results.
I. INTRODUCTION
Several antiferromagnets having plural magnetic ions or magnetic-ion sites show an interesting magnetic long-range order (LRO). In Cu 2 Fe 2 Ge 4 O 13 , Cu 2+ spin dimers (spin 1/2) are coupled to Fe 3+ spin chains (spin 5/2). [1, 2] An indirect Fe-Fe exchange coupling via
Cu dimers was observed. [3] This result reveals that the Cu dimers play the role of nonmagnetic media in the indirect magnetic interaction. Dynamics of dimer excitation in staggered and random fields generated by Fe spins are also experimentally identified. [4] In Cu 3 Mo 2 O 9 , three crystallographically independent Cu 2+ sites exist (Cu1, Cu2, and Cu3). Spins (1/2) on Cu1 sites form antiferromagnetic (AFM) chains. [5] Two spins on neighboring Cu2 and Cu3 sites form an AFM dimer. Each AFM chain is coupled to AFM dimers. Only a component parallel to the b axis of magnetic moments on Cu1 sites is ordered below the AFM transition temperature T N = 7.9 K in the zero magnetic field. [5] Perpendicular components are ordered in magnetic fields parallel to the a or c axis. A canted AFM LRO is stabilized only in finite magnetic fields. It is inferred that magnetic competition causes this unique LRO. In addition, the canted AFM LRO disappears in Cu 3 Mo 2 O 9 with a very small amount doping (e.g., 0.2 % Zn for Cu sites). [6] Negative magnetization is an interesting phenomena. It was first observed in Li 0.5 (FeCr) 2.5 O 4 spinels [7] and was explained using the Néel model. [8] In this model, two collinear sublattice magnetizations (M A and M B ) with different temperature (T ) dependence are considered. |M A | is larger than |M B | below T N , while |M B | is larger than |M A | below a compensation temperature T comp . If directions of the sublattice magnetizations are fixed, magnetization is observed as a negative value below T comp . Several compounds showing negative magnetization have been found. Some of them are considered to be explainable by the Néel model, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] while for the other compounds the origin is different or has not been determined explicitly. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Details of the origins will be described later.
We have paid our attention to Li 2 Ni 2 Mo 3 O 12 . Two crystallographically independent Ni Unexpectedly, we found negative magnetization at low T .
To investigate the origin of the negative magnetization, we determined the magnetic struc- is insulating at room temperature.
We measured magnetization using a superconducting quantum interference device molten by heating in the zero magnetic field and fixed finally the powder in solid paraffin.
We measured magnetization of the powder embedded in solid paraffin. Probably, powder directions are randomly distributed and powder reorientation does not occur in the magnetization measurements. Specific heat was measured using relaxation technique with Physical
Property Measurement System (PPMS; Quantum Design). We used a sintered pellet in the specific-heat measurements.
We determined the magnetic structure of 7 Li 2 Ni 2 Mo 3 O 12 from neutron powder diffraction data. The experiments were conducted using the high-resolution powder diffractometer for thermal neutrons HRPT [39] (wavelength λ = 1.886Å) and the high-intensity cold neutron powder diffractometer DMC (λ = 4.206Å) at the Swiss spallation neutron source SINQ in PSI. Powder was filled into a vanadium container with 8 mm diameter and 55 mm height.
Rietveld refinements of diffraction data were performed using the FULLPROF Suite program package. [40] Symmetry analyses of possible magnetic configurations were conducted using the program BASIREP in the FULLPROF Suite program package.
The muon spin relaxation (µSR) measurements were performed using the Dolly spectrometer at the πE1 beamline at the Swiss Muon Source (SµS) in PSI. In a µSR experiment nearly 100 % spin-polarized muons are implanted into the sample one at a time. The positively charged µ + thermalize at interstitial lattice sites, where they act as magnetic micro probes. In a magnetic material the muon spin precesses about the local magnetic field B at the muon site with the Larmor frequency f µ = γ µ /(2π)B (muon gyromagnetic ratio γ µ /2π = 135.5 MHz T −1 ). With a lifetime of τ µ = 2.2 µs the muon decays into two neutrinos and a positron, the latter being predominantly emitted along the direction of the muon spin at the moment of the decay. Measurement of both the direction of positron emission as well as the time between muon implantation and positron detection for an ensemble of several millions of muons provides the time evolution of the muon spin polarization P (t) along the initial muon spin direction. In a powder, 2/3 of the local magnetic field components are perpendicular to the µ + spin and cause a precession, while the 1/3 longitudinal field components do not. The damping of the oscillation is a measure of the width of the static field distribution experienced by the muon ensemble. In a static magnetic environment, the 1/3 fraction of the muon spin polarization is conserved. In a dynamic magnetic materials however also this so-called 1/3-tail relaxes and the relaxation rate can be, in certain limits, Ref. [41] . Figure 2 portrays the T dependence of the specific heat in the zero magnetic field. A peak is apparent at 8.0 K. As it will be shown later, magnetization increases rapidly on cooling below 8.0 K. Therefore, the peak indicates occurrence of a magnetic phase transition at It should be noted that the magnetization is negative below 4.2 K. We did not observe any difference between magnetizations measured for increasing and decreasing T . Figure 4 represents the magnetic field H dependence of M at 1.7 K after the residual field cooling process. We can see a small residual magnetization and hysteresis. The rapid increase Table I . T c . Therefore, they must be magnetic reflections.
III. EXPERIMENTAL RESULTS
Using the determined propagation vector, we performed a symmetry analysis according to Izyumov et al. [42] to derive possible magnetic configurations for the space group P nma.
The space group has eight one dimensional irreducible representations (IRs). The observed magnetic patterns were compared with calculated patterns using the structural parameters determined from the structural refinement. After sorting out the basis functions of all eight IRs, we found that only τ 5 well fits the experimental pattern. The IR τ 5 has the following characters 1, -1, 1, -1, 1, -1, 1, -1 for the symmetry elements listed in the caption of Fig. 7 . The magnetic moments of Ni2 atoms are restricted by τ 5 symmetry to be parallel to b-axis, thus forming a ferromagnetic sublattice. The y-components of Ni1 spins are also Arrows indicate directions of magnetic field scans. forced to be ferromagnetically aligned, whereas the spins in xz-plane have antiferromagnetic configuration with basis vectors listed in the caption of Fig. 7 .
In the refinement of the magnetic structure, all the atom structure parameters were fixed
by the values obtained from HRPT data ( Table I ). The magnetic structure is depicted in To further elucidate the static and dynamic magnetic properties of Li 2 Ni 2 Mo 3 O 12 , we performed zero field µSR experiments for various temperatures. In Fig. 9 zero field µSR spectra are shown for characteristic temperature above and below T c = 8.0 K. Figures 9 (a) and (b) show the same data but plotted on different time scales to highlight the observed changes for the fast and slow relaxing signals. At high temperatures a slowly relaxing spectrum of Gauss-Kubo-Toyabe form [43] is observed. This is the fingerprint of a nonmagnetic material. The small Gaussian relaxation σ nm is due to static random nuclear The µSR spectra have been fitted using the following functional form for the polarization function:
with
and G mag (t) = 2 3 cos(2πf µ t) e 
Here G mag and G nm represent the relaxation functions for the magnetic (f mag ) and nonmagnetic (1 − f mag ) volume fractions with their corresponding relaxation rates σ mag and σ nm , respectively. λ dyn is the dynamic relaxation rate. Fig. 3(a) . fraction f mag reaches ≈ 100 % shortly below T c . The magnetic order parameter measured via the µSR frequency f µ as well as the static field width σ mag continuously increase below T c .
The values of σ mag are larger than the values of f µ , indicating the very broad width of the internal field distribution. Approaching the transition from above an additional exponential damping which increases towards T c is observed. This is typical for the slowing down of electronic moments approaching T c . The corresponding dynamical relaxation rate λ dyn is shown in Fig. 10 (d) . Below the transition λ dyn is nearly zero indicating a static magnetic state. Decreasing the temperature further, a dynamic relaxation of the 1/3 tail is observed again. This is already clearly visibly from the comparison of the µSR spectra at 7.6 K and 1.9 K in Fig. 9 (b) . The dynamic relaxation at low temperature had to be fitted with a root-exponential time dependence (Eq. 3), which is indicative of a broad distribution of fluctuation times. Interestingly, the dynamic relaxation rate starts to increase below ≈ 4 K where the magnetization becomes negative. Fig. 8(c) . Here, the proportion coefficient p 1 = 0.728 is calculated from the occupancies listed in Table I Fig. 8(c) .
The negative magnetization is too small to be detected using neutron powder diffraction techniques. Therefore, we could not verify the validity of the Néel model. The magnetic scattering length was calculated as 2.7gSf (Q) fm using a Born approximation. Here, g and S are the g value and magnitude of ordered spins, respectively. f (Q) is the magnetic form factor and its magnitude is in the order of unity or less. The nuclear coherent scattering length of Ni was obtained as 10.3 fm (natural average). [44] The intensity of Bragg peaks is proportional to the square of scattering lengths. The lower limit of magnetic moments that can be evaluated in neutron powder diffraction experiments is about 0.1 µ B . As is seen in The following four alternative models may be considered as the candidates for explanation of the negative magnetization effect. In model 1 applicable to GdCrO 3 or (LaRE)CrO 3 (RE = Pr or Nd), [19] [20] [21] [22] [23] [24] In model 2 applicable to LaVO 3 [26] [27] [28] or YVO 3 , [29] [30] [31] only the canted component of the magnetic moment on V ions reverses and becomes anti-parallel to external fields. Therefore, the negative magnetization was observed. In LaVO 3 , a structural phase transition occurs just below T N due to the Jahn-Teller effect. As a result, the DM vector reverses and therefore the canted component of the magnetic moment reverses. In YVO 3 , the canting direction is determined mainly by the single-ion anisotropy at high T and by the DM interaction at low T . As a result, the canting direction reverses at low T . In Li In model 3 applicable to (SmGd)Al 2 , [32] compensation between the spin and the orbital parts of the ordered moments occurs. We observe a sum of spin and orbital magnetic moments. Therefore, the results in Fig. 8 indicate directly that compensation between the spin and the orbital parts of the ordered moments is not the origin of the negative magnetization. In addition, in 3d shells, only spin magnetic moments exist because of quenching of the orbital angular momentum.
In model 4 possibly applicable to Sr 2 RERuO 6 (RE= Yb, Y or Lu), [33] [34] [35] [36] At present, we think that the Néel model may be valid for the negative magnetization in Li 2 Ni 2 Mo 3 O 12 , although we cannot prove the validity of the Néel model. We cannot deny perfectly possibility of another (unknown) origin. As was described in the µSR results, the dynamic relaxation rate starts to increase below ≈ 4 K where the magnetization becomes negative. It is tempting to conclude that the magnetization inversion mechanism involves a dynamical process. As another idea, a structural change, which is not detected, may cause reversal of m 2b . Experimental investigations into Li 2 Ni 2 Mo 3 O 12 using other techniques and further theoretical considerations are necessary.
V. SUMMARY
We studied magnetism of the spin-1 substance Li 2 Ni 2 Mo 3 O 12 . The spin system is composed of the distorted honeycomb lattices and linear chains formed by two distinct Ni 2+ sites, Ni1 and Ni2 sites, respectively. Li + ions substitute about 25 % and 50 % of the honeycomb and chain Ni sites, respectively, creating the disorder in both the spin subsystems.
A magnetic phase transition occurs at T c = 8.0 K. In low magnetic fields, the magnetization increases rapidly just below T c , decreases below 7 K, and finally becomes negative at low temperatures on cooling. We determined the magnetic structure using neutron powder that is based on the compensation of the ferromagnetic sublattices may be valid in our case, but our experimental data does not allow us to prove this model quantitatively.
